Introduction
Identifying early biomarkers of Alzheimer's disease (AD) allows for earlier opportunities to arrest the devastating neuropathological changes associated with AD. One known risk factor for AD is the presence of the 4 allele of the apolipoprotein E gene (APOE). Hippocampal atrophy also has consistently been shown to accompany AD [1] , with greater hippocampal atrophy noted in those with AD who possess a copy of the APOE 4 allele [2] , but the literature remains clouded regarding whether APOE genotype is associated with hippocampal changes prior to disease onset.
Within cross-sectional designs, varied methodologies and cognitive status of study participants across studies has resulted in conflicting results on the effect of the APOE 4 allele on hippocampal volumes in nondemented older adults [3] [4] [5] [6] [7] [8] [9] [10] . Studies that have more rigorously defined their samples as cognitively normal (i.e. no inclusion of mild memory decline or other abnormal cognition) have more consistently found that hippocampal volumes are comparable between APOE groups [7, 9] . However, some investigations of mild cognitive declines, such as in age-associated memory impairment, have also failed to find an impact of APOE on hippocampal volumes [11] . Longitudinal studies have been more consistent in find- ing relationships between changes in hippocampal volume and APOE genotype [7, 8] .
A similar debate exists regarding hippocampal asymmetry and APOE genotype. A 'normal' asymmetry is present in the hippocampus wherein right-sided volumes are consistently larger than left-sided volumes in normal adults [12] , and left-greater-than-right discrepancies may be associated with pathology. Although some studies have found strong, even gene-dose-dependent, relationships of hippocampal asymmetry with APOE genotype in demented and nondemented samples [13, 14] , others have failed to find altered asymmetry as a function of APOE genotype [9, 15] .
The relationship of MRI-derived hippocampal volumes to neuropsychological performance on memory measures has also been somewhat equivocal. Several studies have reported larger hippocampal volumes are associated with better memory performance [16] [17] [18] [19] , though not all investigations have found this relationship [20] . Several studies, in fact, have found hippocampal volumes to be related to memory performance in cognitively impaired samples, but not in cognitively healthy participants [21] [22] [23] or more mildly impaired individuals, such as in age-associated memory impairment [24] . When evaluated longitudinally, some researchers have found hippocampal volume and memory decline to be related for those who progress to AD [25] , though others have asserted that the role of APOE 4 genotype alone has not consistently predicted cognitive decline [26] . Often, APOE genotype has been associated with more rapid decline in memory functioning over time when it is also related to impaired baseline memory performance [27] .
In spite of more than a decade of work in this area, the impact of APOE genotype on hippocampal volumes in nondemented older adults remains unclear. Therefore, we sought to better determine the degree to which APOE genotype impacts hippocampal volume. Utilizing high-resolution MR images and a highly reliable standardized manual outlining method, we examined hippocampal volumes in a neuropsychologically welldefined, nondemented sample of elders. Due to the limited but consistent longitudinal findings, we hypothesized that, when analyzed cross-sectionally, APOE genotype would not significantly impact hippocampal volumes in this group. When analyzed longitudinally, however, we predicted that those positive for the APOE 4 allele would exhibit greater decline in hippocampal volumes over time.
Methods

Participants
The appropriate institutional review boards approved this study and all participants provided written informed consent. Sixty-nine medically healthy, nondemented, and independently living participants, ages 63-92, were studied. This was a volunteer cohort, recruited solely for research purposes, drawn from a larger pool of 110 individuals enrolled in a longitudinal study of aging. Participants were consecutively accrued and selected because they had undergone both an MRI and neuropsychological evaluation. Additionally, all participants received medical, neurological, and laboratory evaluations. Those with a history of alcoholism, drug abuse, learning disability, neurological, or psychiatric illness (including depression) were excluded. All participants were right-handed. Thirty-nine of these participants had followup imaging and neuropsychological data that were utilized in longitudinal analyses. Average span between study visits was 17 months (standard deviation, SD = 5.3 months). There were no significant genotype ( 2 = 2.20, p = 0.14), diagnostic ( 2 = 1.81, p = 0.18), demographic, or cognitive (all p values 1 0.14) differences between those who were available for follow-up compared to those who were not.
The comprehensive neuropsychological battery included measures of global intellectual and cognitive functioning (e.g. Dementia Rating Scale (DRS) [28] , language), attention, executive functioning, and memory. Tests of memory (i.e. DRS Memory Subscale; Wechsler Memory Scale-Revised [29] Logical Memory (WMS-R LM) subtest, and California Verbal Learning Test (CVLT) [30] ), were the focus of the present investigation as medial temporal lobe structures mediate episodic memory and are strong indicators of future decline [31] . To objectively determine the presence or absence of functional impairment, we also utilized the Independent Living Scales (ILS) [32] , an ecologically valid measure designed to assess one's ability to complete independent activities of daily living.
Following completion of all evaluations, a consensus committee of two neuropsychologists and a neurologist was assembled to determine if any participants met criteria for a cognitive disorder. Subjects with, at most, one score falling 1 SD or more below their age-appropriate norms on the comprehensive neuropsychological assessment [for discussion, see 33 ] , in the absence of functional impairment, were characterized as neuropsychologically normal. In order to strike a balance between diagnostic validity and sensitivity to detect mild impairment, subjects were defined as mildly cognitively impaired (MCI) based on criteria suggested by Petersen and Morris [34] , including absence of dementia and functional impairment. Amnestic and nonamnestic MCI subtypes were included. Impairment was operationally defined as performance on standardized neuropsychological tests of 1 1 SD below age-appropriate norms on at least two measures within a cognitive domain (single domain amnestic: impaired memory; multiple domain amnestic: impaired memory and impaired attention, language, visuospatial processing, executive functioning, and/or processing speed; nonamnestic: impairment in one or more nonmemory domain) . In sum, consensus diagnoses revealed that, initially, 52 participants were characterized as cognitively normal and 17 participants were characterized as MCI. In the longitudinal follow-up, 34 participants were characterized as cognitively normal and 5 were MCI ( table 1 ) . All participants were genotyped for APOE allele type using a polymerase chain reaction-based method. Two demographically equated groups were established based on the presence or absence of the APOE 4 allele. The initial 4 group comprised 22 individuals who had a least one copy of the APOE 4 allele and the non-4 group had 47 participants who did not possess any copies of the APOE 4 allele. At follow-up, the 4 group comprised 10 individuals and the non-4 group had 29 participants.
In the initial full cross-sectional sample ( table 2 ) and the longitudinal cohort ( table 3 ), the APOE groups did not differ on demographic characteristics, global cognition (DRS) or memory functioning (WMS-R LM or CVLT; all p values 1 0.05). Furthermore, the APOE groups did not differ on demographic characteristics or neuropsychological performance when the individuals with MCI were removed from the sample (all p values 1 0.05). Not surprisingly, MCI participants performed significantly more poorly on memory measures than did the cognitively normal group; however, the diagnostic groups did not differ on age, education, gender, or ADL variables ( table 4 ) . It is also of note that the MCI participants were evenly distributed between the APOE groups in both the cross-sectional ( 2 = 1.21, p = 0.73) and longitudinal ( 2 = 0.62, p = 0.43) samples.
Variable
Non-4 (n = 47) 
Imaging, Regions of Interest Protocol, and Segmentation
High-resolution T 1 -weighted whole-brain anatomical MR images were obtained using a 1.5-Tesla GE Signa imager utilizing an SPGR sequence (124 slices acquired in the sagittal plane; 1.2 mm slice thickness; 256 ! 256 matrix; FOV = 250 mm; resulting in a 1 mm 2 in-plane resolution). Hippocampal volumes were obtained (bilaterally) via visual inspection and manual outlining performed in the coronal plane. Images were realigned perpendicular to the anterior-posterior commissure line, but not transformed into standard space coordinates. Regions of interest were delineated using Analysis of Functional NeuroImages software and completed by an experienced operator (A.J.J.), who was blind to participant identity and group. High levels of intra-and inter-rater reliability for the procedure were established on a separate set of images not among those studied presently (intraclass correlation coefficients 1 0.90). Hippocampal regions of interest were delineated using a stereotactic approach adapted from methods published previously [35] . The anterior bound of the hippocampus was chosen as the coronal slice through the fullest portion of the mammillary bodies, and the posterior boundary was traced on the last coronal slice on which the superior colliculi could be fully visualized. Whole-brain images were also skull-stripped and segmented into gray matter, white matter, and cerebrospinal fluid (CSF) compartments. Scans were manually edited when necessary to remove any residual nonbrain material. Whole-brain volume was derived and used in normalizing hippocampal, total gray matter, white matter, and CSF volumes [36] . Longitudinal change in bilateral hippocampal volumes revealed that percent change bilaterally was greater in those positive for the APOE 4 allele than in those negative for the allele. Specifically, in the 4 group, rightsided volumes decreased by 9.1% while in the non-4 group the volume decreased at a reduced rate of 3.0% (t = 1.6, p = 0.12). On the left, the volume of the 4 group was decreased by 11.4%, while the non-4 group left-sided volume decreased at a significantly reduced rate of 1.5% (t = 2.9, p = 0.01; fig. 1 ). Examining the individual trajectories of the participants suggests less variability and more consistent volumetric declines among the 4 group ( fig. 2 ). There were no significant differences by APOE genotype on percent change in whole-brain volume (t = 0.55, p = 0.58). Removing those with MCI diagnoses did not significantly alter results.
Results
Whole-Brain and Hippocampal Volumes
Hippocampal Asymmetry
To address hippocampal asymmetry, a repeated-measures analysis of variance was conducted, with APOE group as the between-group factor and hemisphere (right vs. left hippocampus) as the within-subjects repeated measure. At time 1, as expected, there was a main effect of hemisphere [F(2, 67) = 31.37, p ! 0.001, p 2 = 0.32], indicating that right-sided volumes were larger than left in both groups. The interaction of group and hemisphere was only marginally significant (F = 2.92, p = 0.09, p 2 = 0.04), indicating that the rightward asymmetry was larger for the non-4 group ( fig. 3 ) . Removal of individuals with MCI from the analyses did not significantly alter results.
At time 2, a main effect of hemisphere [F(2, 37) = 8.77, p ! 0.01] emerged and the interaction of group and hemisphere approached significance (F = 3.80, p = 0.06), suggesting that the rightward asymmetry was larger for the non-4 group. Excluding MCI participants from the follow-up sample resulted in a main effect of hemisphere [F(2, 34) = 7.61, p ! 0.01], thought the interaction of group and hemisphere was not statistically significant (F = 2.44, p = 0.13).
APOE-Hippocampal-Memory Associations
Due to reduced sample sizes, particularly within certain cells once those with MCI were removed for certain analyses, nonparametric correlations were conducted. At the initial visit, larger left normalized hippocampal volumes were associated with better performance on the ILS Health and Safety subscale among those negative for the APOE 4 allele (Spearman's rho = 0.34; p = 0.04). However, there was no significant relationship between left normalized hippocampal volumes and ILS Health and However, when those with MCI were removed from the follow-up sample, no significant relationships between left and hippocampal volumes and memory variables emerged in either genotype group.
Discussion
In this well-characterized, nondemented sample of older adults, APOE 4 allele status does not significantly impact cross-sectional between-group variation in hippocampal volumes. However, APOE genotype is related to hippocampal volumetric declines over time. Both APOE 4 groups showed the 'normal' right-greater-thanleft hippocampal asymmetry at initial and follow-up visits, although this expected asymmetry was less robust in the group positive for the APOE 4 allele. The relationship between memory and hippocampal volume was largely a function of the cognitive characterization of the sample. That is, excluding individuals with MCI tended to eliminate any relationship between brain structure and memory.
Regarding approaches to hippocampal volumetric measurements in the healthy elderly, our results stand in contrast to several prior studies that have found smaller hippocampal volumes in those who possess the APOE 4 allele [3] [4] [5] . Methodological variability between studies may be a contributing factor to some of these discrepancies [3, 37] . Perhaps more important are differences across studies in fully characterizing the cognitive composition of participant samples. Some studies appeared to use only the Mini-Mental State Exam to cognitively characterize their groups [3] , which often lacks consistency in accurately describing the full range of cognitive performance [31] . Specifically, Salmon et al. [38] point out that the traditional Mini-Mental State Exam cutoff score of 24 and below for dementia is too conservative and showed that persons with scores greater than 24 can also be accurately diagnosed with AD. Further, some studies did not provide sufficient information about cognitive functioning of the sample or group compositions. This study attempted to more thoroughly document the makeup of our participant sample and to examine the impact of inclusion of MCI participants.
Our results indicate that neither a neuropsychologically normal sample nor a sample of mixed neuropsychologically normal and MCI individuals demonstrate differences in hippocampal volumes as a function of APOE status when examined cross-sectionally. Despite including impaired (though not demented) individuals in an otherwise normal sample, it is possible that hippocampal volumetric differences and altered hippocampal asymmetry did not emerge between genotype groups because the MCI participants were evenly distributed between the genotype groups, effectively canceling each other out. Other studies demonstrating hippocampal differences may have had more MCI individuals overrepresented within their APOE 4 groups. Our failure to find hippocampal differences or altered asymmetry between APOE 4 groups is more consistent with other studies that have also more comprehensively characterized the cognitive presentation of their cross-sectional sample [7, 9] . The literature generally suggests that, once cognitive decline is manifest, hippocampal volumetric differences by APOE genotype are more readily identified if subjects are not well equated between APOE groups. In these cases, the structural correlate of these cognitive differences, and not structural change associated with APOE genotype independent of cognitive decline, is likely what is measured. While these results add some clarity to the conflicting literature in this area, the study is limited by the relatively small 4 sample, and replication with larger sample sizes is warranted.
Our finding of greater volumetric declines over time in the hippocampus in the APOE 4 group is consistent with the limited number of longitudinal studies in this area [7, 8] . Diagnostic status did not impact the longitudinal analyses possibly due to the fact that each participant serves as her/his own control. Several participants' diagnostic characterization changed over time and APOE genotype status remained related to percent change over time in hippocampal volumes. Perhaps the presence of the APOE 4 allele exerts its impact via an accelerated atrophy of the hippocampus, even in nondemented individuals, a difference that is not reliably detected when examining samples cross-sectionally. Additionally, the trend towards a difference in the degree of right-left hippocampal asymmetry between genotype groups may suggest that a manifestation of APOE genotypic risk is exerted in a reduction in normal hippocampal asym metry.
Our results highlight that diagnostic state is integral in determining the association between hippocampal volume, genotypic risk, and memory. The relationship between volume, genotype, and memory was present when those with MCI were included, but not when studying a fully cognitively normal sample. Removal of MCI subjects from the analyses is a limitation in that it reduced statistical power. However, visual inspection of the data plots of these correlations suggests that the relationships are not spurious. Sample size of the MCI participants precludes commenting definitively about characteristics of this particular subset (a sample size of 50 would be required to reliably compare the MCI and nonimpaired groups with a power of 0.80). However, the altered results obtained upon their removal from the sample highlight the need for careful cognitive characterization of samples of older adults. This caution is also well aligned with other studies that have found that associations between hippocampal volumes and memory are predominantly due to inclusion of more cognitively impaired groups, such as those with AD [23] .
It is also of interest that a more robust relationship between structure and function emerged when examining more ecologically valid tests of functioning (i.e. ILS), a relationship that persisted irrespective of diagnosis. However, the relationship between structure and memory function was strongly influenced by cognitive diag nosis.
It is possible that the relationship between hippocampal volume and functional status persists regardless of diagnosis in the present study as all participants, even those with MCI, had to be free of functional impairments. In those without the APOE 4 allele, poorer (though not impaired) objective functional status relates to smaller hippocampal volumes. This relationship should be further explored to determine if utilizing structure and function combinations, particularly in those without genetic liability for AD, can be used to improve prediction of those at highest risk for dementia.
In summary, when examined cross-sectionally, APOE genotype does not appear to impact hippocampal volume in nondemented individuals but it does exert influence in rate of atrophy over time. Furthermore, in our aging sample, APOE genotype does not affect the presence of the predicted hippocampal asymmetry, although it does influence the robustness of this asymmetry in those with the 4 allele. As such, longitudinal decline in hippocampal volumes as well as hippocampal asymmetry may hold more promise as possible biomarkers of an approaching dementia than absolute differences within either the left or right hippocampus examined at only one time point. Hippocampal volume and APOE status are related to memory functioning, but only within a mixed sample including both neuropsychologically normal and MCI individuals, a finding that speaks to the importance of thorough cognitive characterization of elderly samples to avoid spurious results due to any overrepresentation of MCI among those positive for the APOE 4 allele.
